In this paper, the capacitance and inductance of a four-line transmission structure is characterized. The procedure used was developed by Ymeri et al for general analysis of multilayer multiconductor interconnects for specific applications in microelectronics. The characterization is based on the determination of the quasi-static electric scalar potential in the structure making up the four-line interconnect. Using the electric potential, the mutual capacitances and inductances are found. The characterization of the four-conductor structure is significantly different from the simple conductor pair because the symmetry of the pair is lost. A number of numerical results are calculated and presented.
Introduction
Traditional route and place strategies in very large scale integration (VLSI) take into account a delay on each interconnect. This delay is simply determined by the series loss resistance R of the conductor and the capacitance C related to the conductor. As the circuit density increases, the RC delay becomes a factor that limits the useable clock frequencies. On the one hand, one tries to overcome this restriction by using improved materials (Cu conductors and low-k dielectrics). On the other hand, one will be forced to make more accurate calculations and take into full account the transmission line behavior of the conductors or even a three-dimensional description [16, 17] . Therefore, software tools for the computation of the interconnect transmission line parameters become essential for a successful circuit design.
To this purpose, methods based on the use of free space Green's functions, finite-element or finitedifference techniques, spectral domain procedures, and fullwave solutions of Maxwell's equations are being refined and significantly improved [10] [11] [12] [13] [14] [15] . However, the low efficiency of these approaches still hinders their use in standard design tools. In fact, commercial software for interconnect analysis relies on the use of analytical or semi-analytical techniques applied in the quasi-static frequency range. The aim of our work has been to investigate if a physically based approach may succeed in finding more accurate expressions for the typical two-dimensional reference structures. Due to this fact, our approach is based on a quasi-TEM solution because the computational accuracy and efficiency are of major concern from the applications point of view, which makes it useful to develop fast interconnect solvers.
While the case of the straight shielded pair has been dealt with in several papers [4] [5] [6] [7] [8] , in this paper we consider a specific structure that can be considered as a pair of transmission lines which has the advantage of reduced cross-talk. Although a considerable amount of work has been done in recent years on the computation of the transmission characteristics of the multiple coupled strip lines [9] [10] [11] [12] [13] [14] , a small number of papers have dealt with some aspects of the problem of the calculation of the mutual line parameters of the on-chip interconnects. To the best of our knowledge, the problem of shielded fourstrip-line interconnect structures has not been treated in the literature for specific applications in microelectronic on-chip interconnects. When we analyze a system with electric-type shield (grounded), we account for the influence of that shield by images of the total charges. Hence, the net charge of the system is zero. When we analyze a system with magnetic-type shield, we must impose the condition that the net charge of the system is zero, in order to obtain a finite energy per unit length. In this case we must not arbitrarily specify the potentials of all (4 + 1) conductors, but only four voltages between the signal conductors and the reference conductor (usually the shield in the structure). Using the Green's function method and a constant charge distribution on the surface of the strip conductors, expressions are then written for the electric scalar distribution throughout the medium surrounding the shielded interconnects. The expressions are evaluated for the points on the surface of the zero-thickness conductors with constant unit charge distribution on them. For the case when the cross-sectional dimensions of the problem are small compared to the longitudinal dimensions, the problem is two dimensional, and our technique is straightforward.
Formulation of the problem
In figure 1 , the cross section of the shielded interconnect fourstrip-line structure with other specific geometrical parameters is shown. The dielectric filling the space between the conductors within the shield is considered lossless and is characterized by
where ε 0 is the permittivity of free space, ε r the relative permittivity of the dielectric medium in the structure and µ 0 the magnetic permeability of the free space. The strip conductors all have a width w and are symmetrically spaced about the central axis of the structure (the distance d from the central axis to the strip axis). The shield is a perfectly conducting box at zero potential (grounded).
The mutual capacitance
As we know, the mutual capacitances can be determined from the associated total charges (Q j ) on the conductors and the electric scalar potentials (V k ) between the conductors of the interconnect structure. A capacitance matrix [C] 4×4 can be defined by the elements C jk in the form
We note here that the perfectly conducting shield is grounded or held constant at some reference potential. Due to the symmetry of the treated structure in figure 1 , and the reciprocity, there are only three unique quantities in this matrix, C 11 , C 12 , and C 13 , which will be shown below. The remaining matrix elements are related to the three fundamental ones by
The capacitive elements of the interconnect structure are shown in figure 2. They are related to the matrix capacitance elements as
For this very specific geometry, with symmetry in strip spacing and symmetry in distances from strip to electric wall, numerical calculations show that there is also a remarkable symmetry in capacitances.
As long as the ratio w/d is small (for (w/d) 0.33) we find that the following identities are approximately true, with a deviation of at most 10%: C dc1 = C dc2 = C dc and C g1 = C g2 = C g . Independent of the values of w/d, the mutual capacitance between adjacent interconnect conductors (between 1 and 2, 2 and 3, 3 and 4, and 4 and 1) are exactly identical: C ma12 = C ma23 = C ma34 = C ma41 = C ma . Therefore, we can express the mutual capacitance C ma as follows:
The capacitance between conductor pairs 1-3 and 2-4, which is the cause of cross-talk, can be found by
Then, all the capacitive coupling to one conductor is found by knowing the electrical scalar potential distribution on the interconnect lines with three conductors at the zero potential (grounded) and only one conductor charged with a known charge distribution (in our case the unit charge is distributed uniformly on the conductors in the structure).
The potential distribution
To determine the electric scalar potential in the cross-section plane of the structure under consideration, we have formulated a simple and very fast approach to find the transmission line parameters of a multiconductor interconnect for homogeneous and inhomogeneous media [1] [2] [3] . Under the quasi-TEM assumption, the lossless long uniform interconnects are characterized by a two-dimensional electric scalar potential distribution. Since the details of the procedure are presented in the above-mentioned papers, we will only repeat the main expressions for the two-dimensional spatial Green's function and recursively determined series coefficients C k and D k A shielded interconnect four-line system C g2 (where k = p in the position of the field point and k = s in the position of the source point) that are needed below.
The electric scalar potential V (r p ) at any point r p can be written as
where V 0 is the potential of the reference point (in our case the shielded box), G (r p ; r s ) is the Green's function derived in [1] , ρ s (r s ) is the free charge density at r s (where r s = (x s , z s ) and, r p = (x p , z p )). r p , r s , and N are the field point, the source point and the number of conductors, respectively. Note that V 0 is non-zero only in the case when no grounded shield is present (if the grounded shield is present, in this case V 0 = 0). Since the Green's function G(x p , z p ; x s , z s ) is known analytically, the expression for the potential distribution can be integrated into an analytic expression [1] [2] [3] . We suppose that the charge distribution is constant (the dimensions of the great linear dimension in the structure are much smaller than the wavelength) the elements of the potential-to-charge matrices [P ] are determined as
where
is part of the Green's function for m = 0, and
is part of the Green's function for m = 0, respectively [1] [2] [3] . a is the width of the shielded box, a 1 and a 2 are the x-coordinates of the beginning and the end point of the field point conductor, and a 3 and a 4 are the x-coordinates of the beginning and the end point of the source point conductor. The coefficients C k and D k are determined recursively from
with starting values taken from the boundary conditions. The matrix [A] has the form
for m = 0, and 
Numerical results
To illustrate the numerical analysis developed here, a shielded four thin conductor interconnect in a homogeneous medium has been considered, as shown in figure 1 . The dimensions as related to figure 1 were: The inductive coefficients for lossless transmission lines are commonly determined as
where [C 0 ] is the capacitance matrix which would result if all dielectric layers were replaced by the free space. A MATLAB program was written to perform the finite summation, which leads to an accurate and efficient calculation of the mutual capacitances in the structure under consideration.
Several numerical calculations were performed for the unknown mutual capacitances and inductances, and for different distances between interconnect conductors. The dielectric used was silicon oxide with ε r = 4 and the fourstrip transmission conductors are of equal widths of 1 µm. Table 2 . Four-line interconnect inductance.
Inductance in (nH cm Numerical data for the mutual capacitances and inductances for different spacings between conductors are presented in tables 1 and 2 (for w/d of 1/3, 1/5, and 1/7). The mutual inductance and capacitance per unit length were estimated from the determined transmission line matrices for the system shown in figure 1 . The mutual capacitance was found to decrease at a faster rate than the mutual inductance as a result of increasing spacing of the lines, which leads us to the conclusion that the coupling was primarily inductive (see and compare the results in tables 1 and 2).
Conclusion
The purpose of this work has been to model the capacitance and the inductance per unit length of a four-strip line interconnect in an homogeneous medium. The present model is particularly applicable (a) to analyze the cross-talk in the interconnection system of high-speed LSI/VLSI circuits; (b) to interconnection systems that are modeled as a coupled multiconductor metalinsulator-semiconductor (MIS) microstrip like line systems having many conductors; and (c) to the semicustom gate arrays where many closely spaced interconnections run parallel for long distances. In all these cases the losses in the semiconductor substrate are ignored for simplicity, making the model applicable to ICs formed on semi-insulating GaAs or InP substrates or silicon-on-sapphire (SOS) substrates.
The quality of the interconnect multilines can be described, between others, by the mutual inductances and capacitances. These are the interconnect specific quantities. The mutual and self-parameters of the transmission line allow frequency and time domain analysis of interference coupling of both the on-chip and inter-chip interconnects. A shielded fourline interconnect was characterized with respect to the potential distribution, capacitances and inductances under quasi-static excitation.
Based on the capacitances determined, it appears that the four interconnect wires should be divided into signal pairs consisting of wires 1-3 and wires 2-4. The capacitive coupling between the two line pairs is an order of magnitude less than if the signals were placed on the pairs of conductors 1-2 and conductors 3-4.
The determination of the per unit length capacitances can lead to calculation of the inductance parameters for the interconnect structure. Our objective is to eventually create a semi-analytical method that may be used in conjunction with a circuit modeling program (such as SPICE) which will allow calculation of the odd-and even-mode impedances and admittances of the structure. This information can then be used to evaluate circuit characteristics of the interconnect multilines at a system level evaluation.
